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BACKGROUND 

Code  3I-50D  is  conducting  a program  of  laboratory  sonar  signal  processing 
experiments  which  is  intended  to  sei*ve  several  purposes.  Among  them  are  (l)  the 
evaluation,  under  laboratory  conditions,  of  a processing  system  sii.ular  to  the 
LORAD  system^  which  has  been  used  for  experiments  at  sea  for  a number  of  years, 

(2)  technical  support  for  the  laboratory’s  growing  efforts  in  Project  Office 
work,  and  (3)  the  investigation  of  problems  of  more  general  interest  in  the 
field  of  signal  processing. 

p 

The  experimental  program  began  with  a study  of  doppler  spreading  and 
continued  with  processing  gain  experiments,  which  are  reportod  in  this  technical 
memorandum.  Additional  experiments  are  planned  for  the  future  and  will  be 
reported  as  results  become  available. 

A REVIEW  OF  THE  SYSTEM 

This  memorandum  describes  a series  of  processing  gain  measurements  which 
have  been  conducted  with  a laboratory  signal  processing  system^'^* The  cited 
references  describe  the  system  in  detail,  but  a general  description  will  be 
given  here  for  the  reader’s  convenience. 

The  basic  signal  processor  is  a multiplex  DELTIC  clippei?-correlator.  Recent 
modifications  allow  the  selection  of  input  signal  sample  rates  of  200  Hz  (the 
original  rate),  AOO  Hz,  or  800  Hz.  The  modifications  have  been  achieved  by 
1 reducing  the  number  of  input  channels  to  one  signal  channel  and  one  reference 

channel. 

Input  to  the  DELTIC  correlator  is  provided  by  an  auxiliary  unit  which  contains 
a pseudonoise  generator  (PNG)  and  sots  of  three  bandpass  filters.  Only  one  set 
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of  filters  was  used  in  this  experiment.  The  three  filters  of  this  set  have  a 
center  frequency  (f^)  of  1500  Hz  and  bandwidths  (B)  of  100  Hz,  30  Hz,  and  10  Hz. 
Externally  generated  signals  can  also  be  supplied  to  the  DELTIC  correlator 
through  the  auxiliary  unit. 

Other  functions  of  the  auxiliary  unit  are  to  control  the  system  timing  and 
to  provide  the  necessary  interfacing  between  the  system  output  and  a USQ-20 
general  purpose  computer. 

A recent  addition  to  the  system  is  a "PNG  Decoder".  The  decoder  can  generate 
a pulse  vrtiich  is  coincident  in  time  with  a pseudonoise-signal  output  "correlation 
spike".  The  pxilse  sets  a bit  in  the  computer  input  word  indicating  the  presence 
of  a "signal".  The  decoder  can,  with  some  modifications,  perform  a similar 
function  with  other  signal  types. 

Another  significant  system  modification  concerns  the  comb  filter  at  the 
output  of  the  correlator.  Originally,  all  of  the  34  comb  filter  teeth  were 
applied  to  the  input  of  a "greatest  of"  OR  circuit  followed  by  an  envelope 
detector.  It  is  now  possible  to  bypass  the  OH  circuit  and  to  measure  the 
envelope  detected  output  of  any  one  of  the  34  individual  teeth. 

A DISCUSSICN  OF  PROCESSING  GAIN 

The  purpose  of  this  section  is  to  define  "processing  gain"  and  to  discuss 
its  measurement  in  the  laboratory 

The  basic  definition  of  processing  gain  is  deceptively  simple: 

(1) 
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where  (S/N)^^^  = processor  output  signal-to-noise  power  ratio 

and  I ~ processor  input  signal- to-noise  power  ratio 

/ 

/ 

Technical  literature  seems  to  be  in  universal  agreement  that  is  the 

rms  signal  power  divided  by  ms  noise  power.  There  is  considerably  less  agree- 
ment on  how  should  be  defined.  Three  common  definitions  are  given 

below; 

a)  ~ signal  power  divided  by  ms  noise  power 

b)  ~ signal  power  divided  by  rms  noise  power 

c)  (2A)out  ~ peak  signal  power  minus  average  noise  power  divided  by 

ms  noise  power  measured  about  the  mean  noise  level. 

Definitions  b)  and  c)  will  be  used  in  this  memorandum  to  define  ’’Processing 
Gain  I"  and  "Processing  Gain  11'',  respectively. 

Processing  Gain  I is  the  conventional  definition  used  in  most  theoretical 
work.  It  is  a standard  against  which  any  measured  processing  gain  can  be  compared. 
An  equation  for  it  can  be  derived  from  signal  and  noise  energy  considerations 
alone. 

(P.G.  - 2D.T 

where  B = signal  bandwidth  (Hz) 

and  T = signal  duration  (sec) 

The  derivation  is  general  and  is  independent  of  the  processor  implementation. 
However,  it  is  conventional  to  consider  the  iTiaxiraum  theoretical  processing  gain 
of  a difference  frequency  correlator  to  be  half  of  the  above  value.  This  is 
because  a difference  frequency  correlator  is  cso'rier  phase  insensitive,  causing 
a 3 dD  reduction  in  processing  gain.  Therefore,  the  convention  of  using 
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(P»G,  1)1, «Y 


vrilT.  be  followed  in  this  memorandum. 


In  the  case  of  the  laboratory  processor,  the  for  determining 

P.G,  I directly  would  have  to  be  measured  at  the  ccmb  filter  output  before  envelope 
detection,  but  the  output  is  not  available  at  that  point.  All  measurements  must 
necessarily  be  made  on  the  envelope  detected  output.  It  is  for  this  reason  that 
the  definition  of  P.G.  II  is  useful.  P.G.  II  may  be  calculated  from  measurements 
made  on  the  available  output.  The  output  measurements  required  are  (l)  peak 
signal  (Sp);  (2)  mean  or  average  noise  level  (/^^);  and  (3)  standard  deviation  of 
noise  measurements  are  made  in  volts,  then 


P.G.  II  = 20  log 


- 20  log 


in  dB 


P.G.  I may  be  calculated  from  the  same  set  of  measurements  if  certain 

assumptions  are  made  about  the  envelope  detector  and  the  output  noise  statistics. 

The  input  sifqial-to-noise  ratio  is  identical  for  both  definitions  of  processing 

gain.  The  peak  output  signal  is  also  the  same  if  a perfect  envelope  detector  is 

assumed.  The  difference  between  the  two  definitions  of  processing  gain  becomes 

apparent  when  output  noise  is  considered.  If  it  is  assumed  that  the  undetected 

output  noise  is  described  by  a Gaussian  probability  density  function,  then, 

Ar  \ 2 


P(Vn)  = 


vfhere  Vq  = instantaneous  noise  voltage 
and  <Tp  = nns  noise  voltage 
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Perfect  envelope  detection  of  Gaussian  noise  results  in  Rayleigh  distributed 
noise,  described  by 


v„ ; & ) 


P(V  = 

where  Vj^  = instantaneous  noise  voltage 
2 

and  N ~ " noise  power  of  original  Gaussian  distribution. 

The  average  value  of  a Rayleigji  distribution  may  be  shown  to  be: 


(5) 


so  that 


Oq  = = 0.8  u 


R 


(6) 


An  expression  similar  to  equation  (3)  can  now  be  written  for  Processing 
Gain  I: 


P.G.  I = 20  log 


in  dB 


(7) 


out  \ in 

A comparison  of  equations  (3)  and  (7)  wiLl  show  that  Processing  Gain  II  is 
3.7  dB  hig,her  than  Processing  Gain  I for  high  output  (and  input)  signal -to-noise 
ratios.  The  two  measures  of  processing  gain  are  equal  when  Sp  = 1.74 (low 
signal- to-noise  ratio). 


SaE  PRELII JNARY  PROBLEMS 

During,  the  checkout  of  the  laboratory  processing  equipment  and  later  when 
a setup  was  being  prepared  for  the  processing  gain  experiments,  two  peculiarities 
were  noticed  in  the  processor  output  signal. 
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The  first  was  the  presence  of  "super"  correlation  spikes  as  illustrated  iji 
Figures  la  and  lb.  The  photographs  show  a scries  of  processor  correlation  spikes 

I 

produced  from  the  zero  doppler  comb  filter  tooth  (tooth  //17).  The  input  signal 
in  both  cases  was  a noise- free  PN  signal  having  a 100  Hz  bandwidth.  The  sample 
rate  was  200  Hz  in  Figure  la  and  000  Hz  in  Figure  lb.  The  consistent  amplitudes 
seen  in  Figure  lb  are  due  to  the  high  ratio  of  sanipling  frequency  to  sigial 
bandiiddth,^  The  amplitudes  in  Figure  la  are  much  less  consistent,  as  ejcpccted. 

The  surprising  features  of  the  photographs  are  the  three  "super"  correlation 
spikes  in  Figure  la  having  am.plitudes  exceeding  any  of  those  in  Figure  lb.  The 
random  occurance  of  these  "super"  spikes  was  always  obsem'ed  at  the  200  Hz  sample 
rate  but  was  never  observed  at  the  400  Hz  or  800  Hz  s;imple  rates. 


The  second  peculiarity,  doppler  arr.biguity  with  the  200  Hz  sample  rate,  is 
discussed  in  reference  2.  This  second  peculiar! tj'-  was  discovered  v;hile  investiga- 
ting the  first  one.  Hie  investigation  involved  replacing  the  DELTIC  correlator’s 
own  heterodyne  oscillators  with  a frequency  s^Tithesizer  which  is  capable  of 
generating  a precise,  stable,  but  variable  frequency.  It  was  then  possible  to 
vary  the  heterodyne  difference  frequency,  defined  by 


^^H  %IG  “ ^REF 

where  fr-Tf-  ~ signal  heterodyne  frequency 

ollr 

and  ^REF  ~ reference  heterodyne  frequency 


(8) 


It  was  found  that  when  4fjj  was  varied  to  approximate  a doppler  shift,  two 
simultaneous  correlation  spikes  were  produced  from  two  comb  filter  teeth  located 
symmetrically  about  tooth  #17»  When  no  doppler  shift  was  inserted,  "super"  spikes 
were  observed  as  described  above. 
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An  explanation  of  these  peculiarities  was  given  by  E,  C,  Westerfield  and 
M.  K.  Fjrandon,  Code  3195*  Their  explanation  considers  the  sampling  process 
which  takes  place  in  the  system.  Sampling  the  signal  and  reference  inputs 
generates  replicas  of  their  original  spectra  at  periodic  intervals  corresponding 
to  the  sample  rate.  The  sd.gnal  and  reference  inputs  originally  differed  by  an 
amount  4f|j  due  to  heterodyning,  so  that  after  sampling,  the  series  of  replicas 
then  differ,  one  from  the  other,  by  the  same  4fjj»  The  correlation  process 
heterodynes  one  series  against  the  other,  generating  all  possible  sum  and 
difference  frequencies.  In  the  special  case  vriien  the  sarspling  frequency  is 
exactly  2i4fj],  the  difference  frequencies  combine  into  a single  line  whose 
amplitude  depends  on  the  relative  phase  of  the  signal  and  reference  sajnples. 

When  the  sampling  frequency  is  slightly  different  from  2 4fj.j,  two  closely  spaced 
spectral  lines  are  produced.  This  is  the  case  wticn  the  sampling  frequency  is 
200  Hz  and  4f^  = 100  Hz.  The  other  two  sample  frequencies  generate  widely  spaced 
lines  only  one  of  which  ever  appears  at  the  output  of  the  comb  filter. 

A true  measure  of  processing  gain  can  be  obtained  only  when  "super"  correla- 
tion spikes  are  avoided.  This  was  done  by  increasing  4fp  slightly  by  moans  of 
the  frequency  synthesizer.  All  measiu’ements  were  therefore  taken  from  eemb  filter 
tooth  /50.8. 


THE  EXPERIIOTT 

These  experiments  were  designed  to  measure  processing  gain  with  ideal 
(undistorted)  input  signals.  Data  was  taken  to  measure  processing  gain  as  a 
function  of  signal  bandwidth,  signal  sampling  rate,  and  input  signal- to-noise 
ratio.  A con.parison  of  signal  types  (PN  vs.  FIl)  was  also  planned,  but  the  pro- 
curement of  a satisfactory  Fl-I  signal  generator  has  delayed  such  a cemparison. 
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Setup 

Figure  2 shows  the  setup  used  to  supply  the  various  DELTIC  correlator 
Also  shown  is  the  PNLt  decoder  and  its  relationship  to  the  generation  of  Ui# 
"Transmit"  control  signal  and  setting  of  the  "Correlation  Indicator"  bit. 

The  15  stage  PKG  supplied  the  input  signal  which  was  added  to  noise  In  tfie 
summing  operational  amplifier.  The  signal  plus  noise  was  then  bandjxiSE  fllterod 
and  applied  to  the  signal  and  reference  DFJjTICs  through  a single  buffer  ar^.Iifier. 
This  arrangement  of  adding  signal  and  noise  required  only  one  bandpass  filt«'r  ■ 
each  bandwidth,  assuring  that  the  signal  and  reference  inputs  were  identica.'. 

The  other  DELTIC  correlator  inputs  are  shown  being  supplied  by  the  froqus.-.-.  ,, 
synthesizer  which  replaces  both  the  signal  and  reference  heterodjTio  cscilla'c* . 
The  reason  for  the  replacement  has  been  discussed  in  an  earlier  section  of  this 
memorandum. 

Procadure 

An  explanation  of  the  experiment  can  best  be  given  by  means  of  the  followin' 
outline.  The  outline  describes  the  experimental  procediirc  vdiich  was  followed  in 
taking  data. 

1.  Select  desired  sample  rate  and  signal  bandwidth. 

2.  Load  reference  DEIiTIC  with  a noise-free  input, 

a.  Set  signal  attenuator  to  zero  and  noise  attenuator  to  maximujn  (100  d3), 

b.  Set  frequency  synthesizer  to  1450.00  Hz  (reference  heterodyne  frequency). 

c.  Push  the  TlblNSMIT  button.  (The  Transmit  mode  is  enabled  for  a period 
of  time  determined  by  the  PNC/  decoder.  At  the  end  of  that  time,  the 
Receive  mode  is  automatically  enabled.) 
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3.  Measure  input  signal-to-noise  ratio. 

a*  With  signal  and  noise  still  set  as  in  step  2a,  measure  the  input  signal 
with  a voltmeter  or  with  the  computer.  (More  will  be  said  about  the 
computer  measurements  later.) 

I b.  Repeat  the  measurement  with  the  noise  attenuator  set  to  zero  and  the 

I > 

signal  attenuator  set  to  maximum. 

c.  Calculate  the  maximum  input  signal-to-noise  ratio  from  steps  3a  and  3b. 
(Nominally  15  dB) 

4.  Measure  output  noise. 

a.  Set  frequency  synthesizer  to  1550.10  Hz  (signal  heterodyne  frequency). 


At  this  point  in  the  test  procedure,  the  DELTIC  correlator  is  operating  in 
the  Receive  mode,  the  reference  input  has  been  loaded  and  the  signal  heterodyne 
frequency  is  being  applied.  All  that  remains  to  be  done  before  ccanir.encing 
processing  is  to  measure  output  noise  and  then  to  apply  input  signal. 

b.  Measure  envelope  detected  output  noise  from  comb  filter  tooth  #18 
using  the  computer. 

5.  Measure  output  signal. 

a.  Set  signal  attenuator  to  zero.  The  DELTIC  correlator  now  has  signal 
plus  noise  applied.  Periodic  correlation  spikes  will  be  produced  at  the 
PNG  recycle  rate,  which  is  once  every  8.192  seconds. 

b.  Measure  output  signal  with  the  computer. 

c.  Reduce  the  signal  input  by  2 dB  and  afain  measure  the  output  signal. 
Repeat  this  step  until  the  output  signal  approaches  the  noise  level. 

Following  the  above  procedure  results  in  data  for  a plot  of  Processing  Gain 
vs.  Input  Signal- to-Noise  Ratio  for  a given  sample  rate  and  bandwidth.  Data 


J 

1 


I 


9 


CONFIDENTIAL 


C0NFIDF3^TIAL 


3 


for  other  sairiple  rate/bandwidth  combinations  is  obtained  by  repeating  the  pro- 
cedure for  each  additional  combination.  All  possible  combinations  of  the  three 
sample  rates  (200,  400,  and  fiOO  Kz)  and  the  three  internal  bandpass  filters 
(10,  30»  and  100  Hz)  were  processed.  In  addition,  a 350  Hz  bandwidth  signal 
was  sampled  at  800  Hz,  yielding  a total  of  ten  ccmibinations. 

Computer  Processin/^ 

The  computer  input  consists  of  30-bit  data  words  vdiich  are  generated  at  the 
system  sample  rate.  Twelve  bits  of  the  data  word  represent  the  amplitude  of  the 
input  to  an  anal og-to-digital  converter.  One  bit  identifies  the  presence  (or 
absence)  of  a signal  correlation  spike.  Sixteen  bits  are  counter  information. 

The  computer  used  this  information  for  three  calculations  in  the  test  procedure; 
(l)  input  signal-to-noiso  ratio,  (2)  output  noise,  and  (3)  output  signal.  One 
computer  subroutine  maltes  the  calculations  for  the  first  two  cases  wiiile  another 
subroutine  is  required  for  the  third  calcxtLation. 

The  first  subroutine  calculates  and  prints  out  the  mean  (//)  and  standard 
deviation  (<r)  of  the  amplitudes  of  10,000  consecutive  input  words.  The  subroutine 
also  sorts  the  words  in  each  bin  to  provide  histogram  data.  Figure  3 illustrates 
the  output  format  of  this  subroutine.  The  items  in  the  heading  refer  to  "Noise 
Out",  but  they  apply  equally  to  the  input  signal,  and  input  noise.  The  items  are 
self-explanatory  with  the  possible  exception  of  "Noise  Out,  Equivalent  RKS." 

This  is  simply  0.8//  and  has  meaning  only  for  the  output  measurements.  It 
represents  the  rms  output  noise  wiiich  is  used  in  calculating  Processing  Gain  I. 

The  meaning  of  the  histogram  tabvilations  is  as  follows: 

X = bin  niunber 

H(X)  = “ probability  density  (9) 
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where  = number  of  words  in  bin  X 

N = total  number  of  words  (10,000) 

4X  = bin  size  (2“'^  x 10  volts) 

X 

P(X)  = X H(X)  = cumiilative  probability  (lO) 

X=0 

Input  signal  and  noise  were  measured  with  the  computer  by  disconnecting  the 
normal  input  (comb  filter  output)  to  the  system  analog-to-digital  converter  and 
applying  the  output  of  the  variable  gain  operational  amplifier  (Figure  2). 
Keasui'emcnts  made  in  this  way  eliminate  the  tedious  and  inaccurate  job  of  making 
voltmeter  measurements  of  noise  or  pseudonoise  inputs. 


The  computer  subroutine  which  v/as  used  to  measure  the  output  signal  sjjnply 
scanned  all  of  the  computer  input  words  searching  for  one  having  its  correlation 
indicator  bit  set.  When  one  was  found  it  was  called  an  Indicator  V/ord.  The 
peak  correlation  spike  was  then  known  to  be  present  a certain  number  of  words 
later.  This  delay,  caused  by  the  processor,  is  a function  of  the  sairiple  rate 
as  sho\-m  below. 


Sample  Rato 
200  Hz 
400  Hz 
800  Hz 


Delay 

3 words  + 1 word 
6 words  + 1 word 
12  words  + 1 word 


The  one  word  uncertainty  in  the  delay  is  caused  by  the  asynchronous  operation 
of  the  PNG  and  the  DELTIC  correlator, 

A print-out  (Figure  4)  of  signal  amplitudes  is  initiated  axxtomatically  after 
50  correlation  spikes  have  been  recorded.  The  print-out  lists  the  Indicator 


11 


CONFIDENTIAL 


CONFIDENTIAL 


\ 


5 


1 

I 

[ . 

I 

I 

i 

; 


[ 

i 

i 


I 


V/ord  and  five  consecutive  words  which  bracket  the  known  location  of  the  peak 
correlation  spike.  The  amplitudes  of  the  three  inner  words  (words  1,  2 and  3) 
are  examined  by  the  computer  and  the  decimal  value,  in  volts,  of  the  highest  of 
the  three  is  printed  in  the  Maximum  Amplitude  Column.  Five  words,  rather  than 
three,  are  printed  so  that  the  data  can  be  checked  at  a later  time  to  see  that 
the  peak  signal  does  occur  in  one  of  the  three  inner  words. 

The  test  conditions  are  summarized  at  the  bottom  of  the  print-out.  h^aximum 
Amplitude  is  the  highest  of  the  50  individual  peak  correlation  spikes.  Average 
Amplitude  and  Standard  Deviation  are  self-explanatory.  Output  S/N  is  the  Average 
Amplitude  divided  by  0.8  , measured  in  dB,  Average  Processing  Gain  is  the 

difference  (in  dB)  betv;ecn  Output  S/N  and  Input  S/N.  It  is  the  value  of 
Processing  Gain  I.  Processing  Gain  II  was  calculated  manually  from  the  data. 

RESULTS 

Curves  of  Processing  Gain  I and  II  are  shown  in  Figures  5 through  17.  The 
curves  for  each  definition  of  processing  gain  are  presented  in  tvro  ways  for  ease 
of  comparison.  First,  the  sample  rate  is  kept  constant  while  the  signal  band- 
width is  made  a parameter,  then  signal  bandmdth  is  kept  const.ant  while  sample 
rate  is  made  a parameter.  The  350  Hz  bandwidth  signal  was  sampled  only  at  800  Hz, 
so  a separate  curve  was  plotted  for  that  data. 

Using  T = 4.7  seconds,  equation  (2)  gives  a maxiiaimi  Processing  Gain  1 of 
470  (26.7  dB),  141  (21.5  dB),  and  47  (16.7  ci}3)  for  the  100  Hz,  30  Hz,  and  10  Hz 
signal  bandwidths  respectively,  independent  of  sample  rate.  Figure  5 shows  the 
measured  processing  gains  to  be  26  dB,  25.6  dB,  and  22.1  dB  respectively, 
apparently  somewhat  more  than  is  theoretically  possible.  The  definition  of 
signal  bandwidth  is  the  most  probable  cause  of  the  high  processing  gain  values. 
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The  bandvddth  of  a filter  is  conventionally  measured  at  the  -3  dB  points. 

This  is  satisfactory  for  most  analog  work,  but  it  can  be  misleading  when  dealing 
with  a nonlinear  (clipped)  system  such  as  the  DELTIC  correlator.  The  measured 
processing  gains  are  the  theoretical  values  \diich  would  result  from  filters  having 
bandwidths  of  134  Hz,  76  Hz,  and  37  Hz.  Figures  18,  19,  and  20  show  the  bandpass 
characteristics  of  the  laboratory  processor’s  three  internal  filters.  The  curves 
show  that  the  100  Hz  filter  is  134  Hz  wide  at  15  dB  attenuation,  the  30  Hz  filter 
is  76  Hz  wide  at  25  dB  attenuation,  and  the  10  Hz  filter  is  37  Hz  wide  at  18  dB 
attenuation.  It  therefore  does  not  seen  unreasonable  to  consider  the  filter 
bandwidths  to  be  determined  at  the  -20  dB  points  rather  than  at  the  more 
conventional  -3  dB  points. 

Another  possible  cause  of  the  excessive  processing  gain  is  the  method  of 
measuring  ''output  noise"  for  Processing  Gain  I.  The  noise  could  not  be  measured 
directly  (before  envelope  detection).  Envelope  detected  noise  was  therefore 
measured  and  an  0,8/^  conversion  factor  was  used  (equation  (6)).  The  conversion 
factor  assumes  the  output  noise  to  have  a Rayleigh  distribution  after  detection. 
However,  this  is  not  exactly  true.  An  indication  of  how  true  it  is  is  given  in 
Figure  22  vriiere  the  measured  output  noise  distribution  and  a Rayleigh  distribution 
having  the  same  mean  and  standard  deviation  are  plotted.  The  two  curves  are 
slightly  different,  causing  the  conversion  factor  to  be  siightly  in  error.  The 
error  would  affect  only  the  absolute  value  of  processing  gain  and  would  have  no 
effect  on  the  relative  values,  allowing  valid  comparisons  to  be  made.  The 
Processing  Gain  II  data  was  measured  directly  so  that  no  conversion  errors  exist, 

A comparison  of  the  processing  gain  curves  gives  further  evidence  that  the 
3 dB  definition  of  filter  bandwidth  is  misleading.  Figure  5 shows  approximately 
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a 3 dn  difference  in  processing  gain  between  each  successive  bandwidth,  rather 
than  the  expected  5 dB.  The  sample  rate  of  800  Hz  is  more  than  adequate  (in 
theory)  to  preserve  the  signal  identity,  so  that  the  differences  in  processing 
gain  naist  be  due  solely  to  signal  bandwidth.  The  3 dB  difference  in  the  adjacent 
processing  gain  curves  indicates  a 4:2:1  ratio  of  signal  bamd’width.  This  is  the 
case  when  the  bandpass  filter  characteristics  are  measured  at  the  20  dI3  points. 

Figure  8 shows  the  variation  in  Processing  Cain  I of  a 100  Hz  bandwidth 
signal  as  a function  of  sample  rate.  An  increase  of  1 or  2 dD  results  when  tha 
sample  rate  is  doubled  from  400  Hz  to  600  Hz.  About  0.5  dB  of  this  increase 
can  be  attributed  to  improved  sampling  of  the  correlation  function.^  The 
remainder  must  be  due  to  inadequate  signal  sampling  at  the  400  Hz  rate,  indicating 
that  the  ''100  Hz  bandwidth"  signal  is  actually  a wider  band  sifyial. 

Figures  8,  9,  and  10  show  that  the  200  Hz  saJTiple  rate  results  in  a loss  of 
from  2 to  4 dB  at  all  bandv/idths  when  emparod  to  the  results  achieved  v/ith  the 
400  Hz  rate.  This  is  due  primarily  to  the  division  of  the  output  correlation 
spike  between  two  comb  filter  teeth. 

The  two  processing  gain  curves  of  the  350  Hz  bandwidth  sioial  sanpled  at 
800  Hz  are  shown  in  Figure  1?.  The  Maximum  Processing  Gain  I is  far  below  the 
theoretical  value  of  32.2  dB.  Kfost  of  this  loss  is  due  to  an  inadequate  sample 
rate.  Figure  21  shows  the  350  Hz  filter  characteristic.  The  bandwidth  is  seen 
to  be  700  Hz  at  20  dB.  This  wide  bandwidth  would  require  a sanple  rate  which  is 
far  above  the  present  equipment's  capability. 

Another  possible  source  of  correlation  loss  in  the  present  system  is  the 
location  of  the  sigial  band  after  heterodyning.  The  signal  is  heterodyned  down 
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to  a band  centered  on  50  Hz.  The  *’100  Hz  bandwidth"  signal  must  suffer  some 
distortion  due  to  zero  frequency  crossover  because  the  bandwidth  is  actually 
greater  than  + 50  Hz.  Also,  all  odd  harmonics  which  are  generated  by  the 
clipping  process  overlap  in  the  100  Hz  bandwidth  case  causing  additional  signal 
distortion. 


INCLUSIONS 

Most  of  the  conclusions  of  this  memorandum  have  been  stated  in  previous 
sections,  but  a brief  sim’mary  will  be  inserted  herej 


The  combination  of  a 100  Hz  difference  frequency  and  a 200  Hz  sample  rate 


was  an  unfortiznatc  clioico  for  the  original  DELTIC  correlator.  In  general,  a 


condition  to  be  avoided  is  f^  — 2 fj^  where  f^  is  the  system,  sample  frequency 


r» 

and  fj[  is  the  heterodyne  difference  frequency^ 

(^2*^  The  convention  of  measuring  filter  bandwidths  at  tlie  -3  dB  points  is  mis- 


leading in  a nonlinear  system.  Selecting  the  -20  dli  points  seems  to  be  a better 
measure  of  filter  band\/idth, 


1 


(^3^1  Care  should  be  used  when  assessing  statements  concerning  processing  gain 
because  the  definition  (or  at  least  the  measurement)  of  processing  gain  is 
ambiguous.  The  two  definitions  vdiich  are  used  in  this  memorandiun  result  in  a 
measured  difference  of  1 dB  in  favor  of  Processing  Cain  II^ 

(j^  The  processor’s  envelope  detected  output  noise  does  not  follow  a Rayleigh 


distribution.  The  actual  distribution  is  biased  toward  the  lower  noise  values. 
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band  frequency  spectrum. 

f' 

An  investigation  should  elIso  be  carried  out  to  deteradne  the  advantage  of 

I = heterodyning  to  a frequency  band  which  is  displaced  from  zero.  Preliminary 

f experiments  indicate  that  the  output  noise  level  drops  by  1 or  2 dB  when  the 

\ ' 

I heterodyned  100  Hz  signal  bafad  is  shifted  upward  by  50  Hz. 

I 
\ 

Another  interesting  possibility  is  the  total  elimination  of  heterodyning 
to  some  lower  frequency.  Either  tlic  signal  or  reference  input  must  be  hetero- 
dyned with  a 100  Hz  oscillator  to  generate  the  proper  system  difference  frequency, 

i 

but  direct  sampling  of  these  frequencies  may  be  possible. 
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